Perception of global structure conveyed in static Glass patterns is diYcult, though not impossible, when the constituent dipoles are formed by partnering opposite polarity dots. We investigate whether the addition of motion signals to opposite-polarity Glass patterns can act to restore the perception of global structure. The stimuli were concentric Glass patterns consisting of 200 dipoles concentrically orientated, or oriented at random orientations, placed on a grey background. For each dipole, one luminance-increment dot (Weber contrast of 1) was paired with another dot set to a contrast ranging between luminance increment and luminance decrement (i.e., a Weber contrast range of approximately ¡1 to 1). Dipoles were either stationary (Experiment 1), or randomly re-positioned at 17 Hz (Experiment 2), on each frame transition. A two-interval forced-choice paradigm, in conjunction with an adaptive staircase, was used to obtain Glass-pattern detection thresholds. The task required observers to identify the interval that contained concentric Glass structure; the other interval contained randomly orientated dipoles. Generally, lower global form thresholds were observed for dynamic and same-polarity Glass patterns than for static and opposite-polarity Glass patterns. In particular, for dynamic presentations improvement in sensitivity was more evident for opposite-polarity than for same-polarity Glass patterns. These Wndings suggest that motion plays an important role in the detection of global structure in dynamic Glass patterns.
Introduction
DiVerences in luminance between adjacent regions often provide useful cues for the perception of form, such as the segmentation of objects from their backgrounds. However, perception of the global form of an object can be hampered when it is signalled by local features that diVer in luminance polarity (Field, Hayes, & Hess, 2000) . This diYculty may be a consequence of the operation of local orientation-tuned cells that occur early in the visual pathway and that exhibit linear summation: opposite polarities will counteract each other within the cell's receptive Weld (e.g., Hubel & Wiesel, 1962 , 1968 Smith, Bair, & Movshon, 2002) . This eVect can be well demonstrated with Glass patterns (random dot stimuli formed by appropriately arranging a Wxed number of local dot-pairs, or dipoles, in a common direction or according to some other global rule; see Fig. 1 ). As noted by Glass and Switkes (1976) , Glass structure is largely abolished by reversing the polarity of a dot within each dipole in the pattern, though other spurious global structures are sometimes perceived if the stimulus is of high signal-tonoise ratio and high dot density.
Recent evidence points to the conclusion that apparent global form is not entirely abolished in opposite-polarity Glass patterns, though sensitivity to the global form is much lower (see Badcock, CliVord, & Khuu, 2005; Burr & Ross, 2006; Mandelli & Kiper, 2005) . This result suggests a degree of visual system tolerance to luminance polarity diVerences when detecting global form, and perhaps a reliance on information from second-order mechanisms.
If intra-dipole polarity has the same sign, detection of Glass structure depends on the contrast diVerence within a dipole. Wilson, Switkes, and De Valois (2004) reported that Glass structure is still perceptible with small contrast diVerences between dipoles, but it is abolished with large diVerences. When the contrast is the same for dots within a dipole, but is varied between dipoles (i.e., there is interdipole contrast variation), detection of global Glass structure is also aVected. Wilson et al.' s results suggest that global form mechanisms are capable of tolerating contrast diVerences, at least for same-polarity dipoles. Wilson, Wilkinson, and Asaad (1997) reported that if dipoles orientated at noise orientations (i.e., at orientations other than the pattern orientations) have opposite polarity, a concentric Glass pattern is as distinguishable as for a pattern containing a similar number of same-polarity noise dipoles.
With this type of polarity diVerence between signal and noise dipoles, rather than between the individual dots of noise dipoles, lower detection thresholds have been found for concentric (Badcock et al., 2005; Wilson et al., 2004) and radial (Badcock et al., 2005) patterns, though Wilson et al. reported that for linear Glass patterns with oppositepolarity signal and noise dipoles, similar results were obtained as for patterns with same-polarity signal and noise dipoles. Despite these mixed results, it has been suggested by Wilson and colleagues (Wilson & Wilkinson, 1998; Wilson et al., 1997 ) that a rectiWcation stage is required before global form perception, and after local form processing, such that global form detectors may associate Glass dipoles while ignoring contrast diVerences within or between dipoles.
It is important to note that in the studies discussed above the results were obtained using static Glass patterns. Glass patterns have also been used in the analysis of global motion, where they are often regarded as stationary depictions of motion. Krekelberg, Dannenberg, HoVmann, Bremmer, and Ross (2003) , and Ross (2004) , demonstrated that the perception of Glass patterns in motion is consistent with a weighted combination of both local orientation and motion signals for patterns where an angular diVerence is introduced between the motion direction and orientation of local dipoles.
While several studies have explored the potential interaction between form and motion signals in Glass patterns, an unresolved issue is the importance of contrast information in the perception of moving Glass patterns. This issue is particularly interesting in light of Wndings suggesting that mechanisms responsible for the detection of motion respond diVerently to those that detect global form information. Badcock et al. (2005) reported that data on the detection of Glass patterns imply a degree of independence between the extraction of luminance-increment orientation signals and the extraction of luminance-decrement orientation signals. However, the motion system appears to combine increment and decrement in the perception of global motion. Edwards and Badcock (1994) reported that coherence thresholds for the detection of global translational motion signalled by dots of a particular polarity are aVected by the addition of noise dots, regardless of their polarity. Thus, performance is consistent with "full-wave rectiWcation" after local motion extraction and before global motion integration. Since motion detection exhibits greater tolerance to polarity diVerences, it is possible that the addition of motion information can restore, or increase For the same-polarity pattern (a), the contrast values of both luminance increment dots are the same, thus the contrast ratio of the pattern is 1.0. For the opposite-polarity pattern (b), the background luminance value is in the midway between the luminance values of the luminance increment and the luminance decrement dots, thus the contrast ratio of the pattern is ¡1.0. In the experiment, all dipoles of a pattern were set to the same contrast ratio, and a proportion of dipoles were randomly orientated (noise dipoles) with the remainder orientated along circular trajectories (signal dipoles).
the salience of, Glass patterns consisting of opposite-polarity dipoles.
Our study seeks to determine how luminance contrast aVects the detection of structure in static and moving Glass patterns. Previous studies examining the perception of global form in Glass patterns have focused either on the intra-dipole contrast variations using only same-polarity static Glass patterns (Wilson et al., 2004) , or on the eVect of polarity diVerence using only maximum contrast values for opposite-polarity dipoles (Badcock et al., 2005; Burr & Ross, 2006; Mandelli & Kiper, 2005; Smith et al., 2002 ; though see Brooks, van der Zwan, & Holden, 2003) . What has yet to be examined is form detection from Glass patterns consisting of opposite-polarity dipoles that diVer over a large range of intra-dipole contrasts. We conducted two experiments. In the Wrst experiment, we addressed the above limitations by investigating how global form perception changes as a function of the intra-dipole Weber contrast ratio in same-and opposite-polarity static concentric Glass patterns. In the second experiment, we also examined global form perception as a consequence of contrast variation, but we used moving "dynamic" Glass patterns, which allow the examination of the contribution of motion to the detection of Glass structure in the absence of veridical coherent motion (see Ross, Badcock, & Hayes, 2000) . The two experiments are reported jointly to facilitate comparisons.
Methods

Observers
Five experienced psychophysical observers participated in the experiments. Four of the observers (T.A.I., C.A., I.T., and J.C.) were naïve to the purpose of the experiments, the Wfth observer (C.F.O.) is one of the authors. All observers had normal, or corrected to normal, visual acuity.
Apparatus
Stimuli were generated using an Apple Power Macintosh G4 computer installed with MATLAB version 5.2, and were displayed on a 15-inch Sony Multiscan CPD-G220 colour monitor. The monitor ran at a frame rate of 85 Hz and was set to a resolution of 1024 £ 768 pixels. The monitor was gamma corrected using a Photo Research Pritchard PR-800 photometer, and custom written MATLAB software was used to generate independent look-up tables for the red, green, and blue guns. Observers viewed the monitor screen, binocularly at a distance of 70 cm, in a dimly lit observation partition. Observers indicated their responses by pressing appropriate keys on a standard ASCII keyboard.
Stimuli 2.3.1. Static Glass patterns
Static concentric Glass patterns were used since their structure is highly salient, as indicated by lower detection thresholds compared with other structural conWgurations (Badcock et al., 2005; Wilson & Wilkinson, 1998; Wilson et al., 1997 ; though see Dakin & Bex, 2002) . This higher salience facilitates detection over a wider range of contrast ratios, such that the eVect of polarity and motion can be more readily compared. Each pattern comprised 200 dipoles and was produced by, Wrst, randomly positioning the Wrst dot, and second, placing its partner 20 min arc away from the centre of the Wrst dot either along a concentric arc with a common centre in the middle of the screen (signal dipoles), or at random orientations (noise dipoles). This dot-pair separation was used since it is within the range required for optimal detection of Glass structure (see Kurki, Laurinen, Peromaa, & Saarinen, 2003; Wilson & Wilkinson, 1998) . Each dot had a width of 5 min arc and was placed within a circular aperture of diameter 14 deg visual angle.
Within each dipole, one of the two dots ("dot A") was always set to a luminance increment of 90.9 cd m
¡2
, and the other ("dot B") varied in the range of 0.07 and 90.9 cd m
¡2 . An illustration of the possible pairings between dots of diVerent contrasts is shown in Fig. 2 . The dipoles of each pattern were ordered in the same direction of rotation; e.g., a luminanceincrement dot was always positioned anti-clockwise from its luminancedecrement partner. Pilot testing revealed that randomization of the polarity direction of the dipole dots does not aVect form detection thresholds. Furthermore, in a related Wnding, Brooks et al. (2003) demonstrated no consistent eVect of polarity in clockwise, anti-clockwise, or mixed polarity directions. The background was set to a luminance value of 45.5 cd m ¡2 -halfway between the luminance extremes used in the study. The duration of the stimulus presentation was 1.059 s.
It is important to note that while reversing the polarity of dots largely abolishes Glass structure, observers do perceive other global conWgurations other than the Glass structure (Glass & Switkes, 1976) . ConWgurations resembling a spiral, or an orthogonal, pattern are particularly evident for highly correlated and high dot-density patterns. In the present study, a comparatively low dot density (1.30 dipole/deg 2 ) was used, which reduced the visibility of these "spurious" global forms.
Dynamic Glass patterns
Dynamic Glass patterns constructed in a manner speciWed by Ross et al. (2000) lend themselves particularly well to the present investigation, since both form and motion processing are intimately involved in their perception. Ross et al. noted that when independent concentric Glass patterns are presented in rapid sequence, rotary motion is perceived, although the direction of motion is ambiguous. Despite the appearance of coherent rotation, analysis of local velocity signals shows that the motion signals of these patterns are the same as the motion signals of random noise; they lack a coherent directional component. The useful property of dynamic Glass patterns lies in the fact that the coherent direction of motion that is perceived arises from local form signals, and not from motion vectors generated by successive presentation of randomly located local dipoles. The motion energy in dynamic independent Glass patterns is random in its orientation, and observers cannot detect global form by tracking element features from frame to frame. Fig. 2 . Contrast variation within a dipole. Each dipole is constructed from paired dots. One of the two dots (dot A, upper) is set to the maximum luminance increment, while the other (dot B, lower) has a diVerent luminance for diVerent conditions. The luminance, and contrast against the background, of dot B decreases towards the right, such that the contrast ratio increases from 1.0 towards positive inWnity when the contrast against the background of dot B decreases from its maximum to 0, after which the contrast ratio increases from negative inWnity to ¡1.0 when the contrast against the background of dot B decreases from 0 to its minimum value. Dots A for the middle dipoles are not drawn. The dot B 4th from the left (not used in the experiment) has a luminance equal to the background; its perimeter is shown for illustration purposes.
To generate a dynamic, independent, Glass-pattern sequence, 18 concentric Glass patterns were independently constructed (using the procedures outlined for static patterns in 2.3.1) such that dipole positions were unrelated from one frame to the next. Similarly, dynamic-noise pattern sequences of 18 frames, consisting only of randomly orientated dipoles, were created. For each type of dynamic pattern, the entire sequence of 18 frames was displayed on the monitor in rapid succession (17 Hz), without an inter-frame interval. Each frame was shown for 0.059 s, resulting in a stimulus duration of 1.059 s; the same presentation duration used with static Glass patterns.
Procedure
The detection thresholds for static and dynamic Glass patterns were obtained as a function of the intra-dipole contrast ratio. For each stimulus presentation, a temporal two-interval forced-choice (2IFC) procedure was used. In one interval a Glass pattern with a proportion of signal and noise dipoles (signal-plus-noise interval) was presented, while the other interval contained a pattern consisting of randomly orientated dipoles (noise interval). Each presentation lasted 1.059 s, with a one-second backgroundluminance period separating the presentation pair. After presentation of the stimuli, the screen returned to background luminance. The order of presentation of the two intervals was randomized from trial to trial. The observer was instructed to indicate which of the two intervals contained a concentric Glass pattern by pressing one of two keys on a computer keyboard. The observer was notiWed of a correct or incorrect choice by diVerent tones sounded immediately after each decision.
The detection threshold was determined using an adaptive staircase procedure that converged on the 79% correct performance level. At the beginning of a trial, the initial signal level was set to a value randomly selected between the range of 126 and 154 signal dipoles (63-77% signal) and the remaining dipoles were noise dipoles. This relatively high starting signal level ensured that the form being identiWed was readily perceived by the observer. The staircase lasted for six reversals and the initial step size was eight dipoles. After the third reversal, the step size was reduced to two dipoles. To reduce the possibility of exceptional performance in a single staircase procedure, three or four independent staircase procedures were repeated for each contrast ratio condition.
Detection thresholds for 14 contrast ratios (half of same polarity and half of opposite polarity) were determined; the ratios were as follows: §1.000, §1.032, §1.143, §1.335, §2.008, §3.000, §4.636. Each observer was required to Wnish three or four blocks sequentially, each of which consisted of 14 staircase procedures in a random order, for a total of 42 (or 56) staircase procedures.
Prior to actual data collection, observers were given Wve familiarization training sessions with diVerent contrast ratios, including same-and opposite-polarity patterns. The data from these sessions were not included in the data analysis. The mean detection threshold for each contrast ratio condition was calculated by Wrst taking the average value of the signal levels of the last four (out of six) reversals of each staircase procedure, and then taking the mean of values obtained for each contrast ratio. The error measure plotted is the standard error of the mean (SEM).
Results
The results of the experiments employing static and dynamic Glass patterns are shown in Fig. 3 . Though there are individual diVerences in sensitivity to diVerent stimulus conditions, the pattern of results is similar for the Wve observers. The plots are of Glass-pattern detection thresholds, expressed as the minimum percentage of signal dipoles, for the detection of concentric Glass structure, as a function of the absolute contrast ratio, for the Wve observers. The contrast ratio is the Weber contrast of one dot divided by the Weber contrast of its partner dot. The absolute value was taken so that thresholds for same-and opposite-polarity patterns can be more easily compared.
Discussion: detection of static Glass patterns
When detecting static Glass patterns (closed symbols and black lines, Fig. 3 ), thresholds are substantially lower for same-polarity patterns (circles, Fig. 3 ) than for opposite-polarity patterns (squares, Fig. 3 ) for every observer, indicating that a putative "global form mechanism" is less capable of detecting the orientation signals arising from opposite-polarity dipoles, though detection is not totally abolished. This Wnding suggests a modiWcation is required to the claim (by, e.g., Glass & Switkes, 1976; Wilson et al., 2004 ) that the Glass structure in an opposite-polarity Glass pattern is imperceptible (though as noted by Glass & Switkes (1976) , other "spurious" forms may be apparent), and is consistent with recent Wndings (e.g., Badcock et al., 2005; Burr & Ross, 2006; Mandelli & Kiper, 2005) that the global structure of these patterns can still be perceived. Our study additionally shows that opposite-polarity Glass-pattern structure can be perceived for a range of dipole-contrast values.
For same-polarity Glass patterns, detection thresholds show little systematic variation for contrast ratios ranging from approximately 1.0 to 2.0, and they have on average a 20% signal (i.e., 80% noise). For contrast ratios higher than 2.0, thresholds gradually increase, and for the largest contrast ratio thresholds have approximately 30% signal to 40% signal. These data demonstrate that global form mechanisms have a capacity to tolerate a broad range of contrast information for the extraction of orientation signals. The pattern of results is similar for same-polarity patterns to those reported by Wilson et al. (2004) , though Wilson et al. generally found higher thresholds for similar conditions. This diVerence may stem from the Wnding that diVerent Glass-pattern-construction procedures and conWgurations lead to overall diVerences in threshold (e.g., see Dakin & Bex, 2002; Kurki et al., 2003; Wilson & Wilkinson, 1998 Wilson et al., 1997) , and a consequence of the possibility of spurious dipoles formed through false pairings, which are particularly evident at high dipole densities (see Dakin, 1997) . Despite this dependency of overall threshold on stimulus parameters, both Wilson et al. (2004) and our study demonstrate that structure detection is dependent on variation in dipole luminance contrast.
Form detection thresholds for opposite-polarity static Glass patterns also show little systematic change, maintaining a threshold of approximately 55% signal to 65% signal for contrast ratios of less than approximately 2.0 for most conditions. This result suggests that global form mechanisms are capable of extracting local orientation signalled by diVerent polarity dipoles for small contrast ratios, despite requiring a much higher percentage of signal (as indicated by an approximately threefold increase in detection threshold relative to same-polarity patterns). Beyond a contrast ratio of approximately 3.0, detection thresholds increase abruptly, and the Glass pattern becomes diYcult to perceive-thresholds are near 100% signal. However, it is important to note that for the corresponding contrast ratio for the same polarity condition, the threshold remains below 30% signal to 40% signal. The results indicate that the extraction of local orientation information from opposite-polarity dipoles is eVective over a smaller range of contrast ratios. More importantly, the results suggest that the perception of global form depends on the magnitude of the contrast ratio rather than the luminance polarity diVerence, such that opposite-polarity dipoles with a smaller diVerence in absolute contrast values are more detectable than those with a smaller diVerence in luminance (thus a larger diVerence in absolute contrast). The Wnding of a dependence on the magnitude of the contrast ratio is also consistent with a model that proposes rectiWcation before global form processing, such as the model proposed by Wilson et al. (1997) . Fig. 3 . Each plot shows thresholds, as the minimum signal dipole percentage (y-axis), required to detect concentric static (Experiment 1) and dynamic (Experiment 2) Glass patterns, as a function of the absolute contrast ratio (x-axis). The signs of contrast ratios are removed so that results for same-and opposite-polarity Glass patterns can be more readily compared. As indicated in the legend, black lines and closed symbols represent data for static Glass patterns, while grey lines and open symbols represent data for dynamic Glass patterns. Circles denote results for same-polarity patterns, while square symbols denote results for opposite-polarity patterns. The error bars show §1 SEM.
Discussion: detection of dynamic Glass patterns
The patterns of results for dynamic Glass patterns (open symbols, grey lines, Fig. 3 ) follow a similar trend to static patterns. For opposite-polarity conditions it becomes diYcult, and for some observers, even impossible, to perceive concentric form in Glass patterns with a contrast ratio greater than 3.0. The failure to detect high contrast-ratio, opposite polarity, patterns shows that tolerance to contrast variations for dynamic Glass patterns is similar to that for detecting static patterns, and is limited to a small range of small contrast ratios. Contrast tolerance in detecting dynamic Glass patterns depends on the magnitude of the contrast ratio rather than the luminance diVerence of the dipole; again a Wnding similar to that obtained with static patterns.
Performance with static and dynamic Glass patterns
Comparisons between the data trends for static Glass patterns show that lower thresholds are generally found for dynamic patterns for contrast ratios less than approximately 2.0. This Wnding suggests that image motion is important in facilitating the detection of global form. In addition, for most observers, and at low contrast ratios where Glass form is still readily perceptible, a larger diVerence exists when comparing threshold proWles between static and dynamic opposite-polarity patterns, than when comparing proWles of static and dynamic same-polarity patterns. The implications are discussed in the next section.
Discussion
The purpose of the present study was to examine the eVect of luminance contrast on the perception of Glass structure, and to compare results from Glass patterns containing stationary and dynamic dipoles. Our results show that for both static and dynamic Glass patterns, global structure can be detected over a range of contrast diVerences between dipole dots. Analysis of the data leads to two further Wndings. First, sensitivity to static and dynamic Glass patterns formed with opposite polarity dipoles is lower than for patterns consisting of dipoles with same-sign contrast variations. This Wnding is consistent with the proposal, which has also been suggested by others (see Badcock et al., 2005; Burr & Ross, 2006; Wilson et al., 2004) , that a polarity change reduces the sensitivity to dipoles, and thus, ultimately, aVects the ability to detect global form. Second, global structure was more readily detected for dynamic, than for static, patterns, regardless of the polarity diVerence within dipoles. This Wnding is consistent with the results of Burr and Ross (2006) , and conWrms the expectation raised in the introduction that for dynamic Glass patterns global motion-processing mechanisms are more eVective in extracting contrast diVerences than global formprocessing mechanisms.
Our Wnding that Glass-pattern detection is more sensitive to contrast polarity than same-sign variation is consistent with the functioning of known orientation-tuned detectors in primary visual cortex (V1). These cells were originally suggested by Glass (1969) as the basic units with which local information is extracted in Glass patterns. Smith et al. (2002) obtained recordings from orientationtuned detectors in V1 in response to same-and oppositepolarity Glass patterns. While Glass patterns consisting of same-polarity dipoles were eVective in increasing the Wring rate of simple cells when the dipoles were appropriately orientated within the receptive Weld, cellular activation was substantially reduced for opposite-polarity patterns. This lack of response signiWes a failure of simple cells to reliably extract orientation under these stimulus conditions, and is consistent with the Wndings of the present study. In addition, the results of Smith et al. suggest that the response of simple cells can be modelled as linear Wlters whose activation is determined by the summed activation of light falling on its receptive Weld. Accordingly, despite same-sign contrast variations between dipole dots (unlike opposite-polarity variations) activation of simple cells will still result (see Wilson et al., 2004) , and thus local orientation will be detected.
Experiment 2 showed that the introduction of motion (in the form of dynamic Glass patterns) resulted in a large decrease in Glass-structure detection thresholds, especially for opposite-polarity patterns. Moreover, Glass-pattern detection was possible over a large range of same-sign and opposite-polarity diVerences. This improvement in sensitivity may reXect the contribution of second-order motion mechanisms in the perception of global structure. While opposite-polarity dipoles cannot be extracted using linear Wlters, second-order motion detectors provide an eVective means of extraction, since they may employ additional fullwave rectiWcation in which the contrast sign is removed before image Wltering (see Chubb & Sperling, 1988; Edwards & Badcock, 1994) . Opposite-polarity dipoles provide an eVective signal for second-order motion detectors because they mimic motion streaks (see Geisler, 1999; Ross et al., 2000) , which likely facilitate the perception of coherent motion. Indeed, the diVerence between thresholds for detecting same-and opposite-polarity dynamic Glass patterns is indicative of a reliance on either Wrst-or secondorder motion mechanisms for the detection of global structure. This claim is consistent with the results obtained from studies that use random dot patterns containing coherent motion. Badcock and Khuu (2001) , for example, noted that thresholds for detecting global dot-motion deWned by textured dots, which are eVective in implicating second-order mechanisms, are consistently higher than for luminance-increment dot-deWned patterns, which are primarily sensed by Wrst-order detectors. We observe this data trend in our experiments.
While our Wndings are consistent with the application of rectiWcation, an alternative account can be entertained based on the Wndings of Brooks et al. (2003) . Brooks et al. reported that when a single frame showing a static Glass pattern is brieXy presented, it appears to move or "jitter" in the direction of the dipole at the onset and oVset of the presentation. This jitter eVect is also present in dynamic opposite-polarity Glass patterns (of the kind used in the present study) since dynamic Glass patterns are generated by brieXy presenting Glass-pattern frames in a sequence. This dipole-aligned motion jitter is considered by Brooks et al. (2003) to be a consequence of bi-phasic temporal impulses, probably with diVering time courses, that are generated by the rapid presentation of an "on-set" and "oV-set" pair of stimuli (the black and white dipole) that activates "motionstreak detectors" which, according to Geisler (1999) , are also tuned to the spatial orientation of motion smear. Temporal jitter may act to reveal the spatial orientation of local opposite-polarity dipoles, which in turn are integrated by global form mechanisms to reveal the global structure. Varying the intra-dipole contrast, as was done in the present study, would attenuate the dipole-unmasking eVect of the motion jitter and, consistent with our observations, would lower the detectability of Glass structure.
